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AN ANALYSIS OF THE EFFECTS OF PROCESS VARIABLES 
DURING OPERATION OF THE GAS-COI(BUSTION RETORT 
I. INTRODUCTION 
The purpose of this memorandum is to present empirical relation­
ships between process variables in the Gas-Combustion Retort. 
This enables the prediction of oil yields, temperature profiles
and pressure profiles. The effects of individual process 
variables and interactions between variables on oil yields and 
retort operability are also discussed. 
Process variables examined in this study were: 
1. Raw Shale Rate 
2. Raw Shale Richness 
3. Air to Shale Ratios 
4. Recycle Gas to Shale Ratios 
5. Shale Particle Size and Size Range 
Data used in the correlations were obtained from Retorts No. 2 
and No.3. The data include short term operations of 1 to 2 
days as well as the long term demonstration runs of 5 to 17 
days on each of the retorts. The majority of the data were 
obtained from Retort No. 2 during the early part of Stage II. 
During this period efforts were directed toward establishing
the optimum balance of variables for maximum oil yields on 
commercial shale fractions. 
It is believed that a very useful purpose is served by this 
treatment of the data. Although computer programs, such as 
Mobil's Mathematical I>!odel, are more rigorous approaches to 
the problem, they all have to be applied based on certain 
assumptions as to the characteristics of the shalei e.g. void 
fraction, shape factor of the particles, etc. The empirical 
approach used in this report should provide valuable guidance
in checking the assumptions made in more rigorous approaches 
to the prediction of dependent variables such as yield, pressure





Empirical relationships of process variables have been developed 
to predict oil yields, pressure profiles and temperature pro­
files in the operation of the Gas-Combustion Retorting Process. 
The relationships should be useful in the prototype design and 
operation of a commercial retorting process as well as in 
guiding the assumptions to be made in more rigorous solutions 
of these dependent variables. 
The Retort No. 2 yield prediction equation was refined by
rerunning a multi-variable regression analysis on both Retorts 
No. 2 and No. 3 data. The new equation correlated existing 
data with a correlation coefficient of 0.926. It should be 
useful in predicting yields for other conditions within its 
range of applicability. Examples of the effectiveness of the 
yield equation are shown by the following comparison~ 
Shale I<1easured Predicted Yield 
Shale Size Rate, l~s/ Retort No. 3 With Regression 
Range, Inches (hr) (ft ) Yields c Vol % RSFA Eguation, % RSFA 
1/4 to 1 	 300 88.6 (Run ClOSl) 88.9 
1 to 2 1/2 	 400 86.6 (Runs Cl027-l-4) 85.9 
500 83.3 (Runs Cl028-l-3) 81.9 
1/4 to 2 1/2 	 300 85.6 (Runs PTCl047-8) 84.5 
400 82.5 (Runs Cl048-l-3) 83.5 
500 80.7 (Runs Cl049-l-9) 81.6 
Pressure loss correlations initially developed from Retort 
No. 2 data were tested with Retort No. 3 data. The correlations 
remained valid in that they satisfactorily predicted Retort 
No. 3 pressure drops. 
Hobil' s ~1ath l-/fodel is an extremely useful tool for the 
prediction of vertical temperature profiles at various process
conditions. However, certain assumptions as to the character­
istics of the shale bed are inherent in the application of the 
program to the prediction of temperature profiles. An empirical
relationship, based on measurement of actual temperatures and 
process variables, has been developed to permit fast computa­
tion of predicted temperature profiles, required bed heights, 
and retorting residence time. The empirical correlation will 
also provide useful guidance in checking assumptions made in 
more rigorous solutions since it reflects response to the 
process variables in actual retort operations. 
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III. 	DISCUSSION 
A. 	 Review of Mechanisms Which Affect or Control Retort 
Operability 
The Gas-Combustion oil shale retorting process is one 
wherein shale, flowing downwardly by gravity, is heated 
by an upwardly flowing gas. Oil, derived from retorting 
reactions, is condensed in the bed and ~ust be removed 
as a mist with the offgas taken from the top of the retort 
vessel. Dust, derived in the process by attrition between 
shale particles or by the action of gas on the particles, 
must be removed from the vessel bottom with the spent 
shale, countercurrent to the lifting effect created by 
the upward flow of the gas. These factors appear to give
rise to the more serious problems with operability in 
the process. 
Experience has shown that inoperability of the Gas-Combustion 
Retort generally results from the formation of tarry, 
plastic, cohesive shale masses which hang up on air dis­
tributor systems. The agglomerates then turn into clinkers 
at temperatures in excess of 2100 F. The agglomerates 
can be as small as a football or as large as one-half of 
the cross-sectional area of Retort No.3. 
The postulated mechanism by which agglomerates form is 
that raw shale along with spent shale dust particles are 
glued together by a tarry, asphaltic material in and 
above the retorting zone at temperatures of 600 to 800 F. 
The strength of the plastic mass increases as the asphaltic
material is converted into a solid carbonaceous binder 
during passage froM the retorting zone to the higher 
temperature combustion zone. This generally results in the 
formation of a fused, glassy clinker once the mass has been 
subjected to high temperatures (2100 F) in the combustion 
zone. 
The tarry binder for the agglomerate is believed to be 
present as the result of impaction of oil mist on shale 
particles or the condensation of oil vapor on the surface 
of the particles. Subsequently, the oil thus refluxed 
is redistilled leaving an asphalt-like residue. Mist 
impaction studies in models (Reference 1) have indicated 
that some impaction occurs at all times but is greatly 
enhanced by increased gas velocities and small shale sizes. 
The postulated mechanisms which lead to inoperability are 
supported by laboratory experiments on agglomerate formation 
and by observations made in the operation of three retorts. 
For a more thorough discussion see Reference 2. 
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Dust has been demonstrated to be present in the process 
in substantial quantities (References 3 and 4). Calcula­
tions have indicated that excessive accumulations of dust 
in the retorting and combustion zones may result from 
excessive gas velocities. The fine particles are elutriated 
up the bed until they reach the oil condensing zone where 
they are agglomerated by the oil wet shale and carried 
back down. If the dust accumulation becomes excessive, the 
interstices may become completely filled by the oil-dust 
mixture and shale flow stopped. 
The presence of both dust and oil in excessive quantities 
in the critical zone of the retort may therefore be 
related to gas velocities. For these reasons, the process 
may be described as gas rate limited. 
The gas rate limitation imposed by the above process 
factors can be further restricted by non-optimum design 
of retort internals, which may lead to excessive gas 
velocities or maldistribution in gas and/or shale flow. 
Examples of such effects are listed below: 
1. 	 Restrictions in cross-section of the combustion zone, 
leading to excessive gas velocities and dust 
accumulation. 
2. 	 Interactions between air and recycle distribution 
internals, causing non-uniform shale flow, and possibly, 
gas channeling in the spent shale cooling zone. 
B. 	 Review of Mechanisms Which Affect Oil Yields 
During the past three years, various process mechanisms 
have been discussed which are believed to affect oil 
yields in an operable retort. Generally the individual 
yield mechanisms can be closely tied to the mechanisms 
which affect operability discussed in Section A. A brief 
digest of the yield mechanisms and their relationship to 
the process follows: 
1. 	 Oil Refluxing 
Refluxing results in yield loss through re-evaporation 
of the oil. Laboratory work has shown a 10% loss on 
re-evaporation of shale oil and a 15% loss on re-evap­
oration of oil from retort spent shale fines. 
2. 	 Dust Circulation 
Yield loss resulting from dust circulation is 
supported by laboratory experiments where raw shale 
gave lower yields when retorted in the presence of 
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spent shale fines. In another experiment, spent shale 
fines were soaked with a known amount of shale oil. 
The mixture was then retorted in the Fischer Retort 
at a 15% oil losso 
3. Time-Te¥~;-ature.Re~ationship During Retorting 
Retorting shale at temperatures above 900 F cracks 
some of the oil to coke and gas. The rapid heatup 
of the shale in the Gas-Combustion process results in 
retorting at temperatures above 900 F, particularly 
with large shale (> 1 1/2 inches) and wide range shale 
(1/4 to 2 1/2 inch). Besides the retort experience, 
the Bureau of Mines published some information 
(Reference 5) which supports the fact that high
retorting temperatures produce yield loss. 
High retorting temperatures for a given shale size 
can be minimized by operating the retort at a maximum 
gas to shale ratio, but within the operability range. 
High retorting temperatures can also be minimized 
by processing narrow size ranges of shale. This is 
because the temperature profiles which result more 
nearly meet the time-temperature requirements for 
complete retorting of the particles before excessive 
temperatures are reached. 
4. Shale Flow 
Experience has shown that the retort can be operable 
and still have poor shale flow characteristics 
relative to yield. Shale particle size segregation, 
bridge-and-break shale flow, and non-uniform flow 
patterns across the retorts have all been observed 
in various experiments. All of these can have an 
adverse affect on the retorting time-temperature
history of the shale particles which can lower yields. 
It is particularly significant when retorting large
( > 1 1/2 inch) shale particles. 
5. Light Hydrocarbon Vapor in Retort Offgas 
The low partial pressure of the light hydrocarbons
in the offgas results in vapor losses. When part 
of this material is recycled (as recycle gas) these 
hydrocarbons may crack to gas and coke or burn. 
Experiments to recover C3+ hydrocarbons from the 
recycle gas via cold traps were conducted on both 
Retorts No.2 and No.3 (Reference 6). Results showed 
from two to three pounds of condensible hydrocarbons 
per 1000 SCF of gas or an equivalent of 5 to 10% of 
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Fischer Assay loss with the vent gas. The hydrocar­
bons condensed in these experiments were normally
unaccounted for by routine gas analysis, particularly 
on Retort NO.2. 
Hydrocarbon vapor losses can be reduced by maintaining 
offgas temperatures below 140 F through the use of 
adequate shale bed height. In one test on Retort No.2, 
a 2% yield loss was observed when the bed height was 
lowered so that retort offgas temperatures increased 
from 130 to 160 F. 
6. 	 Raw Shale Richness 
A shale richness study (Reference 4) carried out in 
Retort No. 1 on shales which assayed from 20 to 3S 
gallons per ton showed that higher yields could be 
expected from the richer shales. The results also 
suggested there was a constant yield loss irrespective 
of the richness level of the shale charged to the 
retort. The effect of raw shale assay is probably
due to losses of condensible hydrocarbons with the 
vent gas discussed above. Since vent gas rate is 
fairly constant, losses of these materials with it 
is probably fairly constant in terms of gallons per 
ton. This factor would therefore cause an apparent 
change in yield as assay is varied, even though 
actual retorting efficiency is not changed. 
c. 	 Empirical Yield Regression Equation - Developed From 
Retorts No. 2 and No. 3 Data 
From previous discussion, it is obvious that the process 
can be influenced in great degree by factors which are not 
continuous variables in the strictest sense of the words; 
i.e., factors which influence shale flow uniformity, gas 
distribution and velocity, offgas temperature, etc. 
However, once these factors have been arranged in a reason­
ably satisfactory fashion and the process is being operated 
within its limits, there are recognizable responses of 
dependent variables, such as yield, to external variables 
which can be continuously manipulated within an operability 
range. The response of yield to these variables will be 
discussed first. 
A multi-variable regression analysis was run on Retorts 
No. 2 and 3 yield data. The resulting yield prediction
equation is as fo110ws~ 
DvYield = 113.2 - 34.74Dv - 3.93 Da - 1.7SR + 2.20RDv + 0.283A 
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~~ere: Yield = Vol % Raw Shale Fischer Assay recovered 
Dv = 'lJ1eight mean particle diameter, inches 
Da = Surface mean particle diameter, inches 
R = Recycle gas rate, MSCF/T 
A = Fischer Assay of raw shale, Gal/Ton 
The equation has the same form as the :!bestll yield regression 
equation developed on Retort No.2 data (Reference 7). The 
yield data from both retorts used in the regression analysis 
are presented in Table 1. Refer to Appendix A and B for 
detailed process variable data from Retorts No. 2 and No.3. 
The data points were weighted in accordance with the number 
of material balances during anyone operation. The 
equation on Figure 1 also had the benefit of a hypothetical
maximum yield of 93 Vol % Raw Shale Fischer Assay (Reference 
8) as well as a large variation in raw shale richness from 
a Retort No. 1 richness study. 
Predicted yields versus measured yields for both retorts 
are sho~~ in Figure 1 for selected runs on three shale size 
fractions. Figure 2 contains predicted versus measured 
yields from all Retorts No. 2 and No. 3 data points used 
in the regression. 
This type of correlation may be expected to be a satisfactory 
interpolation equation within the range of variables that 
have been investigated. The equation differs from the 
correlation of Retort No.2 data in three respects. For 
purposes of comparison, the Retort No. 2 equation is 
reproduced as follows: 
Dv
Yield = 115.3 - 3S.6SDv - 7.92 Da - 1.40R + 2.l7RDv + 0.309A 
As will be noted, the coefficient preceding the ratio of 
weight mean particle diameter, Dv, and surface mean particle 
diameter, Da, is reduced by 50% and that preceding the 
recycle gas rate, RI is reduced by 18%. These changes
reduce the magnitude of the effect of recycle gas rate and 
shale size range on predicted yield. The effect of assay 
is also reduced because of a decrease in its coefficient 
by 8%. 
Several unsuccessful attGmpts were made to regress the 
Retort No. 3 yield data independently of the Retort No. 2 
data. HO\'lever, because the Retort No. 3 data represents 
a much narrower range of process variables than the Retort 
No. 2 data, a reliable determination of process variable 
effects could not be obtained. Several minor equation 
variations were tested with the Retort No. 3 data, including 
one which contained a shale rate effect. None of the 
equations was significant. 
TABLE 1 .---­
RETORTS NO. 2 AND NO. 3 DATA USED TO DEVELOP YIELD REGRESSIOR EQU.P~TION 
e Definition of Terms: Y - Yield Vol. % Raw Shale Fischer Assay recovered Dv - Weight mean aVGrage particle diameter, inches 
Da - Surface mean average particle diameter, inches 
R - Recycle gas rate, SCF/T 
A - Raw Shale Fischer Assay, gal/ton 
Weight Predicted 
of Yield By 
Data in Regression 
Run Numbers Calcs. Y Dv R A Eql!.ati~-­
C9~cs 1 thru 12 12 86.9 1.582 1.142 15.140 25.5 87.2 
C990 1 thru 25 25 86.1 1.711 1.158 14.42'5 25.7 85.5 
CI027 1 thru q 4 86.6 1.609 1.130 14.q50 25.5 85.9 
CI028 1 thru .3 j 83.3 1.607 1.127 12.200 25.3 81.9 
CI028 4 thru 10 7 82.8 1.702' 1.134 12.915 25.3 82.5 
CI031 1 thru 2 2 84.1 1.512 1.176 12./00 25.9 83.5 
CI032 1 thru 2 2 82.8 1.406 1.229 12.600 25.7 83.7 
CI047PT thru 8 9 85.6 1.486 1.393 13.190 29.4 84.5 
CI048 1 thru 3 3 82.5 1.401 1.378 12.030 29.6 83.5 
CI049 1 thru 9 9 80.7 1.447 1.408 11.590 26.9 81.6 
CI051 1 thru 3 3 88.6 0.728 1.121 12.670 27.4 cs8.9 
B834 thru 836 4 90.2 0.&9 1.0/2 14.500 28 . .:5 ~9.1 
B920 thru 923 4 89.2 1.08 1.059 14.600 29.0 88.9 
B928 thru 931 5 90.5 1.17 1.083 15.000 30.2 90.3 
.907 thru 910 4 89.6 1.82 1.117 15.500 28.6 88.6 
911 thru 914 4 86.3 1.H2 1.117 14.800 2H.7 87.1 
B915 thru 917 4 82.6 1. 92 1.110 12.900 29.9 82.5 
B941 thru 945 5 86.3 2.05 1.068 14.900 32.1 88.0 
B897 thru 900 4 85.7 1.65 1.196 14.800 27.1 86.7 
B873 thru 876 4 86.2 1.67 1. 210 15.700 26.9 88.3 
B842 thru 844 4 84.8 1.66 1.145 13.300 26.6 83.9 
B952 F thru K ,24 88.0 1.68 1.120 15.100 27.5 87.6 
B932 thru 935 4 88.8 0.88 ,1.294 14.300 30.0 88.7 
B859 thru 861 4 91. 2 0.75 1.103 14.100 29.7 89.8 
B862 thru 864 4, 89.6 ,0.60 1.154 13.900 30.1 90.4 ' 
B966 thru 969H 24 89.8 0.68 1.193 11.200 27.0 89.7 
B969 I thru T 24 90.8 0.66 1.200 12.000 27.1 89.7 
B819 thru 821 4 83.0 1.20 1.481 14.400 29.1 86.8 
B822 thru 824 4 83.9 1.02 1.569 14.500 27.7 86.6 
B825 thru 827 4 85.8 1. 29 1.449 14.100 28,.3 86.1 
B953 A thru E 12 86.1 1.37 1.370 14.600 27.4 86.4 . 
B953 F thru N 18 86.4 1. 36 1.402 14.500 27.8 86.3 
B954 thru 957 5 85.2 1.28 1.438 14.200 27.2 85.9 
B718 thru 726 4 83.0 1.17 1.083 11.000 30.2 85.9 
B794 thru 807 4 94.6 1.17 1.083 15.000 40.0 92.0 
Richness 4 86.0 1.17 1.083 15.000 20.0 86.3 
Bench Scale 4 93.0 0.25 '1.000 15.000 30.0 96.5 
Bench Scale 4 93.0 0.25 1.000 15.000 30.0 94.1 






REGRESSION ANALYSIS FOR EFFECT OF PROCESS VARIABLES ON YIELD 
Equation-- Data from both Retorts No.2 and No.3 used in Regression 
Yield = 113.2 - 34.74Dv - 3.93Dv/Da - 1.75R + 2.20RDv + 0.283A 
. Where: Yield = Vol % Ra,'17 Shale Fischer Assay recovered 
Dv = Weight Hean Average Particle Diameter, 

Da = Surface mean Average Particle Diameter, 

R = Recycle Gas Rate, MSCF/T 

A = Fischer Assay of Raw Shale, gal/ton 

Range of Applicability: 
Nominal Particle Size 
1/4 to 1 Inch 
3/4 to 1 1/2 Inch 
1 to 2 1/2 Inch 
1/4 to 2 1/2 Inch 
Significance: -
Dv Da R 
cr:o-::--o:a 0.5 - 0.7 11 - 14 
0.9 - 1.2 0.8 - 1.0 14 - 15 
1.6 - 2.0 1.4 - 1.9 12 - 16 
























Correiafron Coefficient = 0.926 
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Retort No.- 3 Retort No. 2 
Run Run 
i 1/4-1" Shale 0 C105l-l thru 3 0 B969I thru T 
.. _-'.-. ----1 .. l-2~" Shale ... C1028-l thru ~ B952F thru K 
C1027-l thru 
1/4-2~" Shale Ell o B953F thru N 
80 82 84 86 88 90 92 
Measured Yield - Vol. % RSFA 
REGRESSION ANALYSIS FOR EFFECT'OF PROCESS VARIABLES ON YIELD 
Equation - Data from both Retorts-No~ 2 and No.3 used in Regression 
yield = 113.2 - 34.74Dv - 3.93Dv/Da - 1.7SR + 2.20RDv + 0.283A 
.' Where: Yield = Vol % Ra"t'l Shale Fischer Assay recovered 
Dv = Weight ?1ean Average Particle Diameter, Inchese. Da = Surface mean Average Particle Diameter, Inches 
1 

R = Recycle Gas Rate, HSCF/T 
A = Fischer Assay of Raw Shale, gal/ton 
Range of Applicability: 
. Shale Rate 
Nominal Particle Size Dv Da R lbs/(hr) (ft2) A 
1/4 to r Inch Cf:6-=--O:S o.s - 0.7 rr=-rr . 300-=-500- ~.:..--n; 
3/4 to 1 1/2 Inch 0.9 - 1.2 0.8 - 1.0 14 - 15 300 - 500 28 - 30 
l·to 2 1/2 Inch 1.6 -. 2.0 1.4 - 1.9 12 - 16 300 - 500 26 - 32 
1/4 to 2 1/2 Inch i.2 -' 1.4 0.6 - 1.0 12 - 15 300 - 500 27 - 30 
Significance: . 
-C:orrelaffOn Coefficient = 0.926 o Retort No. 2 
Standard Error, Vol % RSFA: A Retort No. 3 
-P;efore Regression - 2.99 










80 82 84 86 88 90 
Measured Yield Vol. % RSFA 
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The effects shown for the variables in both of the above 
equations (with the exception of Fischer Assay) are due 
to the effects of the variables on retorting time-temperature 
relationships and to the relative difficulty for retorting
large particles. The reasons behind these effects will be 
discussed in detail in the section on temperature profile. 
D. 	 Operable Range of Process Variables - Gas-Combustion 
Retor€ 
In previous discussion, it has been pointed out that 
maximum allowable gas rates are desirable from the stand­
point of generating maximum yields. However, the process 
is gas rate limited; and, in order to provide a true 
estimate of expected yields, it is necessary to know the 
gas rate limitations to be expected. 
lJ.'he data available from Retorts No. 2 and No. 3 which define 
the range of operable process variable limits are presented 
in Table 2. The Retort No. 3 data includes the results of 
Runs C1027 and the latter part of C1028 for the 1 to 2 1/2
inch shale and Runs C1047 and C1049 for the 1/4 to 2 1/2 
inch shale. Operations on Retort No. 3 with 1/4 to 1 
inch shale \'lere not pushed to the point of inoperabi1ity.
Because of this there are no comparative data on gas rate 
limitations. The Retort No. 2 data in Table 2 include the 
results of the four demonstration runs conducted on various 
sizes of shale, i.e. 3/4 to 1 1/2, 1 to 2 1/2, 1/4 to 2 1/2,
and 1/4 to 1 inch size fractions. 
~10 conclusions can be drawn from the data in Table 2. 
a. 	 The maximum operable gas rates in Retort No. 3 are 
700 to 2800 SCF/T lower than in Retort No.2. 
b. 	 Increasing shale rate requires a lower total gas rate 
(SCF/T) to maintain retort stability. 
The fo11ot;ling table gives the difference between Retort 
No. 2 and Retort No. 3 maximum operable total gas rates: 
1 to 2 1/2 400 1bs/(hr) (ft2) 700 SCF/T NO.2> No. 3 
Inch Shale Shale Rate 
1/4 to 2 1/2 500 1bs/(hr) (ft2) 2800 SCF/T No.2.> No.3 
Inch Shale Shale Rate 
The reason for this reduction in operable total gas rates 
when scaling up from Retort No. 2 to Retort No. 3 has not 
been definitely determined. However, based primarily on 
pressure gradient data, it is believed due to the tendency 
of Retort No. 3 with its larger retort cross-section to 
TABLE 2 
SUMr'v"\RY OF PROCESS GAS RATE .LHlI'l' Dl\.TA 
Nominal Retort No. 3 Runs Retort No. 2 
Shale Near Maximum Gas Rates Demonstration Run Dat~ 
Size, Inches Mass Rates 300 400 500 300 400 500 
1 - 2~ 	 Da, Inches 1.42 1.50 1.50 

Air, BCF/T 4,600 4,700 4,650 

Recycle, SCF/T 14,400 12,900 15,100 

Total Gas, SCF/T 21,600 20,200 22,300 

1/4 - 2~ 	 Da 1.07 1.03 0.97 
Air 4,300 4,700 4,500 
Recycle 13,200 11,600 14,600 
Total 19,800 18,800 21,600 
1/4 - 1 	 Da 0.55 
Air 	 4,800 
Recycle 	 12,000 
Total 	 20,500 







relieve increasing bed pressure drops by gas channeling. 

Operating pressure gradients as high as 8 inches of water 

per foot were observed in Retort No. 2 while in Retort No. 3 

observed gradients never exceeded 4 inches water per foot. 

Shale rates as high as 600 lbs/(hr) (ft2) were run satis­

factorily in Retort No.2, although at reduced yields. 

The more severe gas rate limitations found in Retort No. 3 

made operation at 600 lbs/(hr) (ft2) impractical, if not 

impossible. Therefore, operations of a commercial size 

retort at shale rates higher than 500 lbs/(hr) (ft2) do 

not appear practical, with the present state of the art. 

r1inimum and maximum air rates were not well defined in 

either Retorts No. 2 or No.3. However for future 

prototype design guidance, the air rate requirement curve 

on Figure 3 can be/used to set minimum rates. Other 

considerations which fix the air rate are stability of the 

combustion zone and completeness of retortinS. Both of 
these appear to have strong interactions wit air distribu­

tor design. For a discussion of Retort No. 2 experience

with various air distributor designs (see Reference 9). 

Based on Retort No. 1 data and early Retort No. 2 data, 

it was concluded that carbonate decomposition was directly

proportional to air rate at anyone recycle rate (Reference 

10). The dashed lines on Figure 4 represent the Retort 

No. 1 and early Retort No. 2 data. Retort No. 3 and later 

Retort No. 2 data are represented by the various symbols. 

Because the later data presented are in general agreement 

with the previous results , no refinement of the correlation 

appears justified. A correlation of carbonate decomposi­

tion with yield was tried with negative results. 

From the theoretical process point of view, as discussed 

under mechanisms influencing yields, high recycle rates 

are required for high yields when retorting shale fractions 

containing large (1 1/2 inch) shale particles. From the 

practical process point of view, the recycle rate is 

fixed by maximum operable total gas rates and minimum air 

rates. In view of the above and from the point of view of 

spent shale temperature, the maximum allowable recycle 

rate should be chosen for all shale sizes. 

The operable range of raw shale Fischer Assay in Retort 

No. 3 was 25 to 31 gallons per ton while charging 1/4 to 

1 inch, 1/4 to 2 1/2 inch and 1 to 2 1/2 inch shale fractions. 

When the richness level increased above 31 gallons per ton, 





AIR 	RATE REQUIRED TO MAINTAI't\ STABLE OPERATION 

OF THE GAS-CO~'!BUSTION RETORTING PROCESS 

Reference: Curves are from the October 1965 Monthly 

Progress Memorandum, Figure 14. 

0 1 2 1/2 Inch Shale Retort No. 2 Run B952 
0 1 - 2 1/2 Inch Shale Retort No. 3 Runs C1027 - C1028 
6 1/4 - 2 1/2 Inch Shale Retort No. 2 Run B953 
!L:, 1/4 - 2 1/2 Inch Shale Retort No. 3 Runs C1047 - CI049 
<> 1/4 - 1 Inch Shale Retort No. 2 Run B969 
D 	 3/4 - 1 1/2 Inch Shale Retort No.2 Run B817 
Recycle Gas Rate, MSCF/T 
RLMcGa11iard 
9/18/67 
FIGURE 4 . ~ 
EFFECT OF AIR AND RECYCLE GAS RATES ON 
CARBONATE DECOMPOSITION 
e ONIO MSCF/T Recycle 
D 11 - 13 MSCF/T Recycle 

6 14 - 16 MSCF/T Recycle 

r , . 










2 3 4 5 6 7 






Shale size fractions satisfactorily run in Retorts No. 2 
and No. 3 are listed as follows: 
Retort No. 2 	 Retort No. 3 
3/4 to 1 1/2 Inch: 1/4 to 2 1/2 Inch 
1/4 to 1 1/2 Inch 1 to 2 1/2 Inch 
1/4 to 1 Inch 	 1/4 to 1 Inch 
1/4 to 3 Inch* 
1 1/2 to 2 1/2 Inch* 
1 to 	2 1/2 Inch 
1/4 to 2 1/2 Inch 
*Not 	tested in Retort No. 3 
E. 	 Retort Pressure Drop Correlations Above and Selow 
Air Injection Level 
The pressure drop data from Retort No. 2 runs used for 
yield regression analysis \"ere correlated by J. W. Hasz 
(Reference 11). The pressure drop data used in the 
correlations are presented in Table 3. 
Basically, the retort was split into two sections for 
correlation. The interval from the recycle gas headers to 
the air outlets on the vertical riser air distributor was 
treated as th<::: bottom section and the interval from the 
air distributors to the top of the shale bed as the top 
section. Five equations were evaluated for the bottom 
section and eleven for the top section incorporating the 
variables that past experience has indicated are significant. 
The following equation was found to fit the pressure drop 
data in the bottom section with a correlation coefficient 
0.905 and a standard error about the regression of about 
± 0.03 inches of water per foot. 
In L\PS = -9.294 - 0.0543lnR + 1.82lnrl 
Where: 6Pa = (Pressure gradient, inches H20/ft) X 10 
R = Recycle gas rate, SCF/(hr) (ft2) 
M = Raw shale mass rate, lbs/(hr) (ft2) 
Within the sensitivity of the data; none of the other 
likely variables, e.g. raw shale Oa and shale size range, 
had significant effects. However, this is not surprising 
since by the time the shale reaches the cooling zone, it 
has decrepitated to the extent that these variables are 
essentially constant for all situations, regardless of 
the range and Oa of the raw shale feed. 
Figure 5 shows graphically the calculated In 6PB versus the 





PRESSURE GRADIENT DATA FROM RETORT NO. 2 
Nominal 
Size-
Run N9~ Shale Size 





1bs/ (hr) (ft2 ) 
Gas, SCF / (hr) (ft2) 
Total Recycle- ­




















































































































































961 964 0.62 0.52 29.0 493 4,580 2,750 7.7 10.3 5.i 






































































MEASURED VERSUS CALCULATED PRESSURE 
GRADIENTS BELOW THE AIR DISTRIBUTOR 
In L2-.PB =-9.294 - 0.0543lnR + 1.820llnH 
o Retort No. 2 
8 Retort No. 3 
Solid points CA) and dashed line 
are for operation with 1/4 to 
2 1/2 inch shale with air dis­
tributor configuration used in 
.1'.6.• Runs Cl047, Cl048 and Cl049. 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 ", 
Measured 	In !~PB RLMcGa1liard 
9/18/67 
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The following equation was found to fit the pressure drop 
data in the top section of the retort with a correlation 
coefficient R of 0.984 and a standard error about the 
regression of about ±O.Ol inches of water per foot of bed. 
ln 6PT = -19.324 + 3.488lnT - 1.5041nM - 1.8940a + 1.050Dv i 
0.0641A 
tihere ." 6PT = (pressure gradient, inches HrO/ft) X 10 
T = Total gas rate, SCF/{hr) (ft2 
H = Raw shale mass rate, lbs/{hr) (ft2) 
Oa = Area oriented raw shale particle diameter,
inches ~ 
Dv = Weight mean shale particle diameter, inches 
A = Raw shale Fischer Assay, GAL/T 
Note: 	 Within the sensitivity of the data, none of the other 
likely variables, e.g. air rate, shale size range, 
had significant effects. 
Figure 6 shows graphically the calculated ln ~PT versus 
the measured ln ~T for each data point in Table 3 as open
circles. The comb1ned equation, as shown below, should 
be useful for predicting total pressure drop through the 
retort. 
P =QPB X HB + l~T X HT 
o 	 10 10 
Where~ Po = Total retort pressure drop, inches H2O 
HB = Retort bed height from recycle inlets to air 
inlets, feet 
HT = Retort bed height from air inlets to top of 
bed, feet 
Also plotted on Figures 5 and 6 are the Retort No. 3 data 
tabulated in Table 4. The Retort No. 3 calculated values 
were calculated by means of the equation determined by the 
regression of the Retort No. 2 data presented in Table 3. 
An attempt was made to regress the Retort No. 3 data 
independently. However, the smaller body of data and the 
narrower range of process variations gave unrealistic 
effects. Therefore, the Retort No. 2 equation was used 
to obtain a graphical comparison of the Retort No. 3 pressure 
data with that from Retort No. 2 in Figures 5 and 6. 
Examination of Figure 5 sho\is that the Retort No. 3 pressure 
drop data for the bed below the air distributor is in very 
good agreement with the No. 2 data except for 1/4 to 2 1/2
inch shale, solid triangles and dashed line on Figure 5. 
This discrepancy is apparently due to the increased flow 
resistance due to the three east-west 20 inch deep air 
FIGURE 6 

MEASURED VERSUS CALCULATED PRESSURE 

GRADIENTS ABOVE THE AIR DISTRIBUTOR 

" 
In PT = -19.324 + 3.4881nT - 1.S041nM - 1.894Da + 1.0S0Dv + 0.0641A 
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3/4 to 2 1/2 CI031-1 2 1.51 1.29 26.0 494 4,945 3,139 5.70 6.15 5.05 
1/2 to 2 l/i C1032-1 2 1.41 1.14 25.7 503 4,955 3,169. 6.45 7.75 4.70 





































headers used for 1/4 to 2 1/2 inch shale. None of the 
other runs plotted on Figure 5 utilized this system. This 
does illustrate the need to consider gas flow resistance 
effects for the hardware system used. 
Examination of Figure 6 ShO\,IS that the Retort No. 3 data 
is in excellent agreement \dth the No. 2 pressure drop 
data (above the air distributor). 
It is concluded that the empirical equations presented 
satisfactorily predict average retort pressure gradients. 
F. 	 Vertical Temperature Profiles Above Air Injection
Level (Retorting Time-Temperature Effect) 
1. 	 Development of An Empirical Equation For 
predictin2 Vertical Temperature Profi!es 
In subsequent discussion, the importance of the temper­
ature profile achieved in the operation of the Gas­
Combustion process, and therefore of the factors which 
govern it, will be pointed out. For that reason, 
attempts at rigorous solution, such as Mobil's 
l'~athematical Model, of the heat transfer phenomena 
in the process will probably be continued. Certain 
assumptions, however, are inherent in all of the 
rigorous approaches to the problem. Therefore, to 
provide guidance, based on actual data generated in 
the research program, for these assumptions, an 
initial effort has been made to develop an empirical
equation which will predict gas temperature profiles 
above the air injection level in the Gas-Combustion 
Retort. 
The following equation form appears promising for 
accomplishing the objectives of this study. 
LogT=a+b 	(. H ) 

\(Da) (M) O. 7 (R + 1.55A)/ 

Where 	 T = Temperature, F 

H = Elevation above air inlet, feet 

Da = Surface mean particle diameter, inches 
M = Raw shale rate, lbs/(hr) (ft2) 
R = Recycle gas rate, I:1SCF/T raw shale 
A = Air rate, MSCF/T raw shale 
The form of this equation was suggested by preliminary 
analysis of temperature profile data. Plots of Log T 
versus H produced reasonably linear relationships. A 
family of curves was obtained, and it appears that the 




slopes of these curves were related to Oa and to shale 
and/or gas rate. Aside from these observations, the 
equation form is theoretically sound in the manner 
in which it combines the factors controlling heat 
transfer in the retort bed. 
A multi-variable regression analysis using this 
equation was performed on temperature profile data from 
Retorts No. 2 and No.3. The raw data used in devel­
opment of the equation is shown in Table 5. Equation 
constants obtained by the regression are the following. 
a = 3.190 
b = -199.3 
The calculated correlation coefficient for the equation 
obtained from this analysis is 0.949, and as shown in 
Figure 7, the equation provides a reasonable repre­
sentation of the experimental data. The observed 
data scatter may be due to inherent problems associated 
with the temperature measurements. For example, the 
degree of segregation of particle sizes which may have 
taken place at a point of temperature measurement is 
not known. Also, the severe scatter in the low 
temperature region, which is at or near the top of 
the shale bed, is probably due to the effect of conden­
sation phenomena occurring in this zone. In the high 
temperature region, temperature measurements at a 
given elevation are known to be influenced by the 
proximity to an air inlet. 
a. Bed Hei9ht Reguirements 
One of the more useful applications for this 
equation is the prediction of bed height required 
for various processing conditions. The regression 
equation allows the following relationship for 
bed height. 
H = a -bl09lOT ~Da) (M)0.7 (R + 1.55 AU 
Calculated bed height requirements for producing 
an offgas temperature of 140 F and actual bed 
heights used in Retorts No. 2 and No. 3 are com­
pared in the Table 6. 
It can be seen that, in most cases, the predicted 
bed height is lower than that used experimentally.
Note also that the discrepancy increases with 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































COMPARISON OF ACTUAL TE~'!PERATURE DATA v7ITH TH]\.T 

PREDICTED BY REGRESSION EQUATION 

3.0 3.22.0 2.2 2.4 2.6 2.8 
Log Predicted Temperature 
i 
TAbLE 6 
BED HEIGHT REQUIREt·lENTS 
Offgas Height Above A/D, feet 
Shale Size, Da, Shale Rate, R + 1.55A, Temp. , 
Run No. Inches Inches 1bs/(hr) (ft2) MSCF/T (Actual) Actual Calculated 
C1027 1 to 2 1/2 1.424 398 21.6 141 12.5 11.9 
C1028-(1-3) 1 to 2 1/2 1.426 497 19.3 137 12.5 12.4 
C1028-(4-10) 1 to 2 1/2 1.501 496 20.2 139 12.5 13.6 
B952 1 to 2 1/2 1.50 401 22.1 136 12.5 12.9 
C1047 1/4 to 2 1/2 1.07 301 19.~ 139 9.5 6.'5 
C1048 1/4 to 2 1/2 1.017 395 19.1 140 9.5 7.5 
C1049 1/4 to 2 1/2 1.03 497 18.8 143 9.5 8.8 
B953 1/4 to 2 1/2 0.99 494 21.4 139 9.5 9.5 
C1037 1/4 to 1 0.55 294 22.0 137 5.5 4.1 
C1040 1/4 to 1 0.609 296 21.9 137 5.5 4.1 
C1051 1/4 to 1 0.613 295 20.8 145 5.5 4.1 




is due to gas channeling, which was observed to 
be most severe in the small shale (1/4 to 1 inch) 
runs. For this reason, a minimum bed height of 
6 feet is recommended for this size shale. 
Another consideration is the fact that the 
actual bed heights used were measured from the 
air inlet to the bottom of the shale feed chutes. 
These measurements therefore include the coning 
pattern of the shale below the feed chutes: 
whereas, the effective bed height for heat trans­
fer may actually be smaller by 0.5 to 1 feet. 
Again, this effect would be most significant with 
the small shale which requires the smallest bed 
heights. 
One other caution in the utilization of this 
equation should be exercised. That is, the 
saturation point of the offgas with respect to 
water vapor is about 140 F. Since the capacity 
of the shale to absorb heat up to this temperature 
level is limited when compared to the latent 
heat of vaporization of water available in the 
offgas, very little temperature change below 
about 140 F can be expected regardless of bed 
height. Therefore, utilization of the equation 
for prediction of offgas temperatures below 
140 F is not recommended. 
b. Retorting Residence Time 
Retorting residence time, defined as the time 
the shale spends in the aoo to 1000 F temperature 
zone in the retort, is given by the following 
equation as derived from the expression submitted 
in preceding discussion. 
Q = !o (Haoo _ H1000) = log 1000 (Da) (R + 1.55A) (~ 
M 800 b(M)0.3 
Where~ 	 Q = Residence time, hours 
~= Bulk density of shale, lb/ft3 
Earlier experimental work and information in 
subsequent discussion have indicated that increas­
ing shale residence time in the 800 to 1000 F 
temperature zone is beneficial for increasing
yield. If yield is, in fact, a function of 
residence time, the above equation indicates that 
yield is a function of Da, specific gas rate and 
shale rate. However, the regression equation--­
developed for yield does not include a shale 
rate term. This discrepancy is probably related 
1 
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to the difficulty in separating the effects of 
shale rate and gas rate since both are generally
varied simultaneously. Further work such as 
regression of the above equation with yield 
information may allow separation of these effects. 
2. Effect of Temperature on Yield 
Excessive retorting temperatures can reduce oil yield 
by secondary cracking of the oil to gas and coke. 
Available data from Gas-Combustion and other retorting 
processes indicate that yield is lost when retorting 
at temperatures above about 900 F. These data are 
summarized below. 
Effect of Peak Retorting Temperature 
r1aximum Shale Oil 
Shale Size, Shale Residence Yield 
Process Inches Temp. , F Time, llIinutes Volt RSFA 
Fischer Assay 1/10 840 50 104 
930 40 100 
1020 50 98 
Royster 1/2 to 1 970 170 104 
1030 130 101 
1090 120 99 
1150 100 94 
Gas Flow 1/2 to 1 940 70 102 
980 50 96 
1020 40 95 
Gas-Combustion 3/4 to 1 1/2 1200+ 30 to 50 85 to 90 
Presented in Figure 8 are typical retorting tirne­
temperature patterns for the above processes and an 
estimated range for the TOSCO Process. The yield for 
the TOSCO Process is not known, but it is estimated 
to be between 95 and 100 Vol % Fischer Assay because 
of the 950 F maximum temperature. Note that the 
hi9h yield processes all have less severe tirne­
temperature profiles than the Gas-Combustion Process. 
3. Effect of Particle Size on Temperature Profile 
The effect of shale size on the temperature profile 
is shown in Figure 9. Retorting full range shale 
(1/4 to 2 1/2 inch) produces a rapidly rising tempera­
ture similar to those generated with small shale 
FIGURE 8 . 
TYPICAL RETORTING TINE - TEHPERATURE PATTERNS 




average temperature profile data. 
2. TaSCa - Estimated from U. S. Patent No. 3,167,494. 
3. Fischer Assay - standard procedure (RI-4477). 
4. Royster - Middle of bed profile when retorting 
with 1,050 F recycle gas. 
5. Gas-Flow - Estimated from RI-5507, 4471, and 4652. 
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(1/4 to 1 inch). Temperatures with the full range
shale rise even more rapidly than those with 3/4 to 
1 1/2 inch shale, which has a smaller weight mean 
diameter (Dv). Large Shale (1 to 2 1/2 inch), on 
the other hand, produces much more slowly rising 
temperatures, which peak two to three feet above the 
air distributor. The profile generated with the full 
range shale is not surprising, since the heat transfer 
is controlled by the surface mean diameter (Oa) and 
the peripheral surface area is inversely proportional 
to the diameter of the particle. Therefore, the 
small particles in wide range shale have a greater 
effect on the temperature profile compared with that 
of the larger particles. These relationships bear 
out qualitatively the findings of the regression 
analysis presented previously. 
4. Effect of Particle Size and Shale Size Ran2e on 
Yield 
In an effort to develop a quantitative understanding
of the effect of particle size range on the retorting 
process, shale temperature profiles \<Jere calculated 
for the 2 1/4, 1, and 1/2 inch particles in the 
1/4 to 2 1/2 inch shale feed processed in Retort No. 2 ­
Run Ba19. These profiles were calculated from the 
gas temperature profile measured during the run and 
sho't'm by the solid line in Figure 10. The mean shale 
temperature profiles thus obtained are represented
by the dashed lines in the figure. 
Although the 1/2 inch particles are heated at a rate 
which will remove most of the kerogen before it 
travels into the combustion zone, the 2 1/4 inch 
particles do not reach the retorting temperature of 
800 F until they are near the air distributor. 
About 10% of the shale feed is 2 1/4 inches or larger. 
Further analysis of the calculations show that 
approximately 20% of the kerogen in the 2 1/4 inch 
shale has been decomposed before the shale reaches the 
air distributor. Oil decomposed from the 2 1/4 inch 
shale enters a much !lotter gas than oil from the 1 or 
1/4 inch shale as shown in Figure 11. A significant 
amount of oil from even the small size shale enters 
a gas stream which is over 1000 F. The situation with 
the larger particles would be alleviated somewhat if 
they were subjected to a temperature profile such as that 
shown for Run B952 in Figure 9. However, reaction of 
the kerogen would still not be completed until high 
gas temperatures are achieved. The foregoing factors 
therefore present logical reaSons for the major effect 
of weight mean particle diameter (Ov) and the lesser 
















CALCULATED SHALE TEMPERATURE PROFILES WHEN 
RETORTING FULL RANGE SHALE 
Bases: 
Gas Temperature Profile From Run No. 
Nominal Shale Size, Inches 
Shale Mass Rate, lbs/(hr) (ft2) 
Air Rate, SCF/T 
Recycle Rate, SCF/T 
Method 
Mean Temperature, F 
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B8l9 
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FIGURE 11 _ 
CALCULATED KEROGEN DECOHPOSITION VERSUS GAS TE1'-1.PERATURE 
FOR RETORTING FULL RANGE SHALE 
Bases: 
Gas Temperature Profile From Run No. 
Nominal Shale Size, Inches 
Shale Mass Rate, lbs/(hr) (ft2) 
Air Rate, SCFI'f 
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S. 	 Retorting Zone Residence Time 
The calculations and observations discussed above 
all indicate that oil yield from the Gas-Combustion 
Retort should improve if the shale residence time 
in the 800 to 1000 F temperature zone is increased. 
Several process modifications were tested in an 
effort to accomplish this objective. These included 
increasing gas rate via external combustion and 
multilevel air-hot gas injection. The external 
combustion process provided a retorting residence 
time longer than that obtained by the Fischer Assay:
whereas multilevel, air-hot gas injection improved
retorting residence time only slightly. 
The range of retorting-residence times obtainable 
by the Gas-Combustion Retort is compared to that of 
the Fischer Retort on Figure 12. The yields which were 
obtained are shown to the right of the curves. Yield 
was increased from about 82% to about 90% by increas­
ing the time to heat the shale from 700 to 900 F from 
2 minutes to about 11 minutes. Increases beyond
that were of doubtful value, because the high gas 
rates necessary to further increase the residence 
time also induced what appeared to be oil refluxing.
The data presented on Figure 12 was based on work 
with 3/4 to 1 1/2 inch shale. 
6. 	 Effect of Recycle Gas Rate On Vertical Temperature
Profiles 
Calculations using the Mathematical Model were made 
at recycle gas rates of 12,000, 16,000 and 19,000 
SCFIT to study the effect of recycle gas rate on the 
retorting process. The temperature profiles obtained 
from this study are compared in Figure 13. Experimental
profiles obtained from Retort No. 2 runs at nominal 
recycle gas rates of 12,000 and 16,000 seFIT are 
compared with respective ~~thematical Model results 
in Figures 14 and 15. Conclusions drawn from these 
comparisons are that increasing recycle gas rate: 
1. 	 Increases the retorting residence time in the 
desired temperature range, i.e. more kerogen is 
decomposed at lower temperatures where there is 
less opportunity for cracking. 
2. 	 Moves the retorting zone further up into the bed 
reducing the opportunity of burning oil by 
reducing the overlap between the combustion and 
retorting zones. 
e 
TYPE OF RUNS: 
FIGURE 12 
RETORTING THIE-TEt·lPERATURE PROFILES 
FOR THE GAS-COHBUSTION RETORT 
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FIGURE 13 
HATH HODEL ANALYSES OF THE EFFECT OF RECYCLE GAS RATE 
ON GAS TEMPEP~TURE PROFILES 
Operating Conditions: 
Recycle Rate, SCF/T 12,000 16,000 19,000e Shale Rate, 1bs/ (hr) (ft2) 500 500 -500 
Air Rate, SCF/T 5,300 3,900 4,000 
Results: 
Kerogen Decomposed at 950 F 
shale Temperature, % 
Carbonate Decomposed, % 
Retorting Residence Time Hins. 
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3. 	 Reduces the quenching effect at the air inlet 
which should improve stability. 
4. 	 Shifts the spent shale cooling profile to a more 
linear cooling rate and reduces spent shale 
temperature. 
These findings are also consistent with the yield
equation developed, since increased recycle gas 
rates, particularly on the larger particle sizes, 
are predicted to increase yields. 
G. Shale Coolin 
Because of the limited amount of cooling zone data and 
inconsistent nature of this data, it was not possible to 
develop a significant empirical equation for vertical 
cooling zone temperature profiles. Typical profiles from 
Retort No. 2 for various shale fractions are presented in 
Figure 16. It should be noted that these data probably 
represent gas temperatures rather than shale temperatures. 
Also presented in Figure 16 are the spent shale temperatures
from Retort No. 2 demonstration runs and the best operations 
on Retort No. 3 for each shale fraction. Table 7 presents 
pertinent process data for these points. r.leasurement of 
spent shale bulk temperatures is difficult because of the 
heterogeneous nature of the temperature distribution 
both between and within the particles. Spent shale 
temperature measurements on both Retort No. 2 and 3 runs 
prior to Run C1035 appear reasonable. However, at that 
time the single level drawoff on Retort No. 3 was replaced 
with the roll feeder drawoff and the spent shale tempera­
ture probes were relocated. Coincident with this change, 
heat balance calculations switched from slightly positive 
heat losses to rather large negative heat losses. The 
spent shale temperatures shown on Figure 16 and Table 7 
for Runs C1040, C1047, C1048, and C1049 are therefore 
suspected to be erroneously high. 
No cooling zone temperature data from Retort No. 3 is 
significant except perhaps some spent shale temperatures 
prior to Run C1035. Vertical thermowells were initially
installed in the cooling zone of Retort No.3, but gas 
channeling up the wells may have produced distortion 
giving concave downward profiles. A typical profile from 
these vertical thermowells is presented as Curve (5) on 
Figure 16. These wells were removed before work on the 
1/4 to 1 and 1/4 to 2 1/2 inch fractions \'las begun. 
FIGURE 16 

TEHPERATURE PROFILES - SPENT SHALE 

COOLING ZONES - RETORTS NO. 2 AND NO. 3 









1. 	 This profile is based on the average of cooling zone temper­
ature profiles from Runs B860, B862, and B864. Average 
process conditions for these Runs were: 
Mass Rate - 492 1bs/(hr) (ft2) 

Air Rate - 4,590 SCF/T 

Recycle Rate - 14,000 SCF/T 

Nominal Shale Size - 1/4 to 1 inch 

Da = 0.60 inches 

Dv = 0.72 inches 

2. 	 This profile is based on a Mobil Math Model calculated 
profile which calculation used temperature profile data 
from Run B819. Process conditions for Run B819 were: 
Mass Rate - 498 1bs/(hr) (ft2) 

Air Rate - 4,270 SCF/T 

Recycle Rate - 14,400 SCF/T 

Nominal Shale Size - 1/4 to 3 inch 

Da = 0.81 inches 

Dv = 1.25 inches 

3. 	 This profile is based on cooling zone temperature data from 
B846. Process conditions for Run B846 were: 
Mass Rate - 501 1bs/(hr) (ft2) 
Air Rate - 4,240 SCF/T 
Recycle Rate - 13,400 SCF/T 
Nominal Shale Size - 1 1/2 to 3 inch 
Da = 1.39 inches 

Dv = 1.74 inche~ 

4. 	 This profile is based on cooling zone temperature data 
from Run B817, a 3/4 to 1 1/2 inch 14-day demonstration 
run. Process conditions for Run B817: 
Mass Rate - 500 1bs/(hr) (ft2) 
Air Rate - 4,260 SCF/T 
Recycle Rate - 15,400 SCF/T 
Nominal Shale Size - 3/4 to 1 1/2 inch 
Da = 0.87 inches 

Dv = 0.97 inches 

This profile represents the best cooling zone temperature 
taken on Retort No.2. 
5. 	 This profile is based on vertical thermowe11 cooling zone 
data from Run C988-10. Process conditions for Run C988-10: 
Mass Rate - 383 1bs/(hr) (ft2) 
Air Rate - 4,720 SCF/T 
Recycle Rate - 15,300 SCF/T 
Nominal Shale Size - 1 to 2 1/2 inch 
Da = 1.35 inches 

Dv = 1.57 inches 

NOTES TO FIGU~ 16 
, (CONTINUED) 
Equilibrated spent shale temperature was 304 F and is 
plotted, 0, on Figure 1. 
6. 	 o. Spent ~hale temperature Run B969 1/4 to 1 inch Retort 
No. 2 Demonstration Run. 
e Spent ~hale temperature Run C1040 1/4 to 1 inch Retort 
No. 3 Operation 
~ Spent shale temperature Run B953 1/4 to 2 1/2 inch 
Retort No. 2 Demonstration Run 
£ 	 Spent shale temperature Runs CI047, CI048, and C1049 
1/4 to 2 1/2 inch Retort No. 3 Operation 
o 	Spent shale temperature Run B952 1 to 2 1/2 inch Retort 
No. 2 Demonstration Run 
o Spent shale temperature Run CI028 1 to 2 1/2 inch 
Retort No. 3 Operation 
(See Table 7.) 
TABLE 7 





B952-E through L a 1.55 1.76 4,650 15,100 400 270 
: 
B969-I th;:ough T 0 0.55 0.66 4,840 12,000 491 .400 
B953-A through N ~ 0.98 1.36 4,475 14,550 493 360 
\: 
! 
C1028-4 ! through 10 I2J 1.50 1.70 4;680 12,900 496 390 
; 
C1040-3:through 8 e> 0.61 0.73 5,000 14,100 296 670 
C1047 .£ 1.08 1.48 4,250 13,200 301 500 
A 1.02 1.40 4,540 12,050 395 515 
CI049 A 1.04 1.41 4,690 11,700 500 560 
Shale Size Air Recycle 
Inches Rate Rate Mass Rate Spent Sha14Symbols 
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Examination of the profiles in Figure 16 leads to the 
conclusion that raw shale feed particle size has an 
effect on the temperature profile developed in the spent 
shale cooling zone. This conclusion would appear to be 
contradictory to an earlier conclusion drawn \-lith regard 
to the effect of raw shale Da and ~ on pressure drops ' 
in this zone. However, it is beli~fed that the effect of 
the larger particles (having little effect on D~ is masked 
by the effect of the numerous smaller particles insofar as 
pressure drop is concerned. The larger particles, however, 
are cooled more slowly (because of intraparticle temperature
gradients, large particles cool more slowly) and therefore 
more bed height is required to equilibrate gas and shale 
temperatures for them. Therefore, the following qualitative
advice is presented for prototype cooling zone design: 
1. 	 Recommended cooling zone bed heights, to provide
adequate spent shale cooling for shale rates up to 
500 lbs/(hr) (ft2). are represented by the following 
equation~ 
HB = 5.5 Dal / 2 
Where~ HB = Cooling zone bed height, feet 
Da = Surface mean raw shale particle diameter 
(+8 mesh material), inches 
2. 	 Internal hardware which could promote cooling zone 
gas channeling should be avoided. 
- 24 	 ­
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